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Introduction
The computation of many engineering flow problems involving low Reynolds numbers (wind turbine blades), transition zones or complex rotational flows (helicopter and turbomachine blades) directly depends on the boundary layer modeling [1, 2] . Modern approaches assume computationally expensive hybrid RANS-LES, LES or DNS [3] . However, in practical problems where both computational economy and accuracy are equally important it is reasonable to use simpler models such as URANS equations closed by different turbulence models based on eddy viscosity [4] [5] [6] . Various possibilities exist, from one-to fourequation models, from fully turbulent to transitional boundary layer. In this study four different models were tested: Spalart-Allmaras, realizable k-ε, k-ω SST, and γ-Re θ .
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Test cases involve three different airfoils: Aerospatiale A, classical NACA 0012, and NACA 8410 at quite different flow conditions ranging from transitional subsonic to transonic flows with both shock-induced and angle-of-attack-induced separation and unsteadiness. Two-dimensional simulations were performed in ANSYS FLUENT 16.2 [7, 8] .
The ever-attractive problems of flow separation and active flow control that incorporate various complex flow phenomena and lie on the borderline of turbulence models applicability were studied. Main objectives of the research include determination of the abilities of different turbulence models to predict airfoil aerodynamic performances and their comparison (as well as qualitative estimation). In short, the ability of turbulence models to provide sufficiently accurate results (of complex flows) was tested. In order to determine the extent of both physical model errors and numerical errors, numerical results were compared to existing available experimental data [9] [10] [11] [12] .
Underlying principle of flow control is directing faster fluid particles towards the wall in order to overcome local adverse pressure gradients. It can be done in various ways, both passively and actively by adding mass, momentum, and additional energy to the flow. Usual solutions include slots or actuator jets, moving surfaces or plasma actuators [13] [14] [15] . Main advantages of flow control include avoiding or delaying separation, stabilizing boundary layer, delaying transition, reducing drag, increasing aerodynamic performance, etc. in both external and internal flows.
Although performed analyses are two-dimensional, they provide insight into possibilities to relatively easily simulate active flow control which has become an interesting and widely considered topic in recent years [16] [17] [18] [19] [20] [21] . The increase of aerodynamic performances, achieved without the change of undisturbed velocity or angle-of-attack, is proven and quantified. Various jet configurations are tested and their efficiencies are compared. Finally, although such studies on subsonic flows around airfoils [16] [17] [18] [19] and cascades [20] can be found, they have rarely been performed for transonic regimes [21] .
Mathematical and numerical background
By decomposing flow quantities (solutions of Navier-Stokes equations) into mean and turbulent-fluctuation terms and assuming negligible fluctuations in viscosity μ and thermal conductivity λ, two-dimensional flow of viscous and compressible fluid is modeled by Reynolds equations (τ eff -deviatoric stress tensor):
In order to close and solve this system, it is necessary to define additional equations or in some way define turbulence scales. One of the computationally simplest approaches is to use Boussinesq viscosity hypothesis:
Turbulent viscosity μ t is one of the flow characteristics and is determined from additional transport equations. Since no universally accepted turbulence model exists, here four different models were tried: one-equation Spalart-Allmaras (S-A), two-equation realizable k-ε (real k-ε), two-equation k-ω SST, and four-equation γ-Re θ (trans SST). Their additional equations are somewhat different [7] .
One-equation Spalart-Allmaras model is a stable and reasonably accurate model for various classes of turbulent flows. Initially, it was developed for unstructured codes in aerospace industry but is also popular for turbomachinery applications. It incorporates modified turbulent viscosity equation:
Modified turbulent viscosity equals 0 at walls, while solution variables are blended from their sublayer formulation to the corresponding logarithmic layer values.
Two-equation variant of k-ε model, realizable k-ε model, solves transport equations for turbulent kinetic energy k and its dissipation rate ε. There is a modified source term in the second equation:
Turbulent viscosity is computed as μ t = ρC μ k 2 /ε. This variant generally exceeds the standard k-ε model performance and it gives good results for complex flows (recirculation, separation, rotation, etc.). Enhanced wall treatment where domain is divided into viscosityaffected and fully-turbulent regions and flow in the viscosity-affected region is completely resolved all the way to the viscous sublayer was used.
Two-equation k-ω SST model presents a combination of standard k-ω model near the walls (since it is more accurate and numerically stable in the near wall region) and k-ε model in the outer layer. It is generally more reliable than standard k-ω model. Transport equations for turbulent kinetic energy and its specific dissipation rate ω are:
Some constants differ for inner and outer layer, while the final term in the second equation appears only in the outer layer. Turbulent viscosity is computed as μ t = α * ρk/ω. 
The first equation determines the beginning of transition, while the second transmits the effects of outer layer flow into the boundary layer. Turbulent viscosity is computed as
Numerical simulations were performed in ANSYS FLUENT 16.2 where mass, momentum, and energy conservation equations are solved by finite volume method [7, 8] . Fluid flow was considered as transient, and implicit density-based solver (where the governing equations are solved simultaneously and equations for additional scalars are solved afterwards) was used. Systems of linearized equations were solved by Gauss-Seidel scheme. Variable gradients were computed by Least Squares Cell-Based method. Spatial discretizations of flow quantities were second order upwind, while temporal discretizations were first order implicit. CFL number was set to 5, while the time-step order of magnitude was 10 -3 s for airfoils and 10 -4 s for cascades. Default values of under-relaxation factors were used. Additional explanations on the presented equations can be found in [7] .
Flow around Aerospatiale A airfoil
In the first example a fully turbulent/transitional flow over an Aerospatiale A airfoil at Mach number M = 0.15, angle-of-attack α = 13.3º, and freestream Reynolds number Re = 2·10 6 based on airfoil chord is solved. This configuration has been extensively researched, both experimentally and numerically, and presents one of the most used standard validation cases [9] .
Adopted numerical approach is quite orthodox. Computational grid is structured, planar, and extends from -18 to 25 airfoil lengths in x-direction and -18 to 21.56 airfoil lengths in y-direction, fig. 1 . It comprises over 65000 quadrilateral cells with dimensionless wall distance y + < 1 and sharp trailing edge. Satisfactory mesh resolution in the boundary layer (y + ≈ 1) enables the flow to be resolved all the way down to the wall. The mesh was not generated by the authors, but taken from available resources provided by ANSYS Inc. Dirichlet boundary conditions concerning velocity and pressure were imposed on inlet and outlet boundaries. No-slip boundary conditions were defined on airfoil surfaces.
Computed and measured pressure and skin friction coefficients graphs, C p and C f , respectively, are shown in fig. 2 . Generally, the correspondence of pressure coefficient Conclusions are not so straightforward with the skin friction coefficient. No data is available for the fore part of suction side where numerical results significantly differ. In accordance with its definition, transition γ-Re θ model captures a small laminar separation bubble other models do not.
Flow around NACA 0012 airfoil
The classical NACA 0012 airfoil was chosen for its widespread and general usage. It is also a standard validation case, thoroughly tested both experimentally and numerically [10] . Chosen freestream flow conditions are M = 0.82 at α = 3.86º and Re = 9·10 6 with the separated flow following the supersonic bubble on the suction side, fig. 3 . Angle-of-attack was not corrected using a linear method for simulating wind tunnel wall interference and was kept at a measured value of 3.86º. This case is a true test for turbulence models and it is difficult to achieve agreement with the corresponding experimental results obtained by Harris [11] . Although weakly transonic flow can successfully be computed, shock wave-boundary layer interaction still presents a computational challenge. Without adequate empirical relations or model coefficients adjustments it is almost impossible to obtain accurate solutions in this problematic region. Both computational shock wave strength and position do not coincide completely with the experimental. Moreover, grid refinement cannot bring significant improvement to results [10] .
Although, in the previous example, air was considered as ideal gas and energy equation was solved, freestream Mach number was low. Results are more disperse when transonic regimes are simulated as can be seen from this example. Again, computational grid is planar, structured, and parabolic extending from -20 to 25 airfoil lengths in x-direction and -30 to 30 airfoil lengths in y-direction, fig. 4 . Now it comprises over 50000 quadrilateral cells, with dimensionless wall distance y + < 1. Again, this classical mesh was taken from available resources provided by ANSYS Inc. Far-field values for static pressure, velocity components, and turbulence quantities were defined on outer boundaries while no-slip boundary condition is imposed on the walls of the airfoil.
In order to compare four turbulence models, computed and measured pressure coefficient and skin friction coefficient graphs are formed, fig. 5 . In this case the flow field is complex with visible sonic zone, shock wave, thickening of the boundary layer, and flow separation captured by all four turbulence models, fig. 3 . However, no model appears able to adequately simulate the shock wave-boundary layer interaction on the suction side. Greatest discrepancies in results appear immediately before and after the shock wave. Also, locations of the ending point of the sonic zone and separation point are computed differently by all 
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models. It can also be noted that skin friction coefficient distributions differ more than in the previous case of small Mach number with Spalart-Allmaras and k-ω SST models producing the most similar numerical values. Unfortunately, no experimental data is available for comparison.
Overall, grids of this size and density provide results of sufficient accuracy for the greatest number of engineering applications. They are also computationally inexpensive which makes them attractive for individual users and when fast, preliminary results are needed. However, it should be borne in mind that flow in critical zones may not be simulated adequately.
Flow in linear cascades
Tested compressor and turbine cascades geometries correspond to NACA 8410 airfoil at two different blade angles β = 135º and β = 30º, respectively, fig. 6 . Cascade solidity (ratio of distance between two adjacent profiles to their chord) in both configurations is 1. In accordance with the experimental data [12] 5 . Computational grids are planar, quadrilateral, structured, and contain nearly 40000 cells, figs. 7 and 8. Again, dimensionless wall distance in both meshes is below one. These properties were adopted according to common practices and after a detailed grid convergence study and present a compromise between accuracy and simplicity necessary for further analysis. The values of total and static pressure, velocity direction, and turbulent quantities (turbulence intensity t = 1%, length scale L = 0.003 m, and intermittency γ = 1) are defined at the inlet boundary. At the outlet boundary only static pressure and turbulent quantities are set. The definition of the cascade is completed by a translational periodic boundary formed by the remaining two opposite boundary edges. This boundary condition can be used for fully- developed periodic flows appearing with repeating geometry. It is always used in pairs and imposes the condition that the flow across two sides (or edges) is identical. Computationally, cells adjacent to the first and the opposite periodic boundary are treated as neighbors [7] . In this case, by applying periodic boundary condition, the interference between the airfoils in the cascade is taken into account and properly simulated.
Measured and computed pressure and skin friction coefficient distributions of the clean compressor model are shown in fig. 9 . Although the general trend of the result seems to be reproduced the compressor cascade results notably differ from experimental, even along the pressure side of the foil. Even though various grids were tried the results remained around this level of accuracy, so the following short discussion is, in the first place, qualitative. Spalart-Allmaras and realizable k-ε provide most similar results, while results obtained by k-ω SST model differ the most. Again, transition γ-Re θ model produces a laminar separation bubble. Also, while the other three models find similar positions of separation points, k-ω SST model results in the earliest separation.
Figure 9. Pressure and skin friction coefficient distributions along the foil in compressor cascade
On the other hand, the turbine cascade seems easier to simulate. Significant discrepancies from experiment appear only in the critical zone of sonic zone-boundary layer interaction, fig. 10 , while all numerical results generally coincide. By observing skin friction coefficient it can be concluded that again, k-ω SST model results in the earliest separation. Since the angle-of-attack is somewhat steep, laminar separation bubble appears at the nose of the foil with all models. However, its size differs depending on the used turbulence model, with realizable k-ε being the smallest and with k-ω SST and γ-Re θ being the greatest.
Increase in aerodynamic performances by active flow control
Downturn in the pressure distribution at the suction side of the foil and negative values of wall shear stress are indicative of the flow separation. By injecting streams of fluid a fair degree of pressure recovery can be achieved, the separation point can be moved downward and the reattachment point can be moved upward. Therefore, after the definition of rela-
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tively successful baseline numerical settings, the simulation of active boundary layer control by steady blowing was tried.
Among the numerous possible jet parameters two were chosen for further analysis: jet intensity B and orifice diameter D j . In the first two cases jet intensity is defined as the ratio of jet and freestream Mach numbers, B = M jet /M. In the third case, jet intensity is defined as the ratio of jet and inlet or outlet Jet positions were defined for each model individually, and were not altered throughout computation. Four orifices were distributed equidistantly along the second half of the suction side of the blade, starting roughly from the separation point (since the location of the separation point differs slightly for every turbulence model). For the purpose of active flow control simulations the cells of the initial computational grids were not changed. The only modification made to the meshes was the creation of new zones that represent jets.
The effect of steady blowing is included into numerical flow solver by adding the jet mass flow, momentum, and energy sources into governing equations at newly created zones. The jet inflow is considered laminar. This computational approach is useful for significantly smaller sources than main flow inlet. It is also less complicated than generating a new, structured, locally refined grid for every new flow case [8] , although it requires a density-based solver for purposes of accuracy. This approach to modeling different types of boundary layer control devices is common, [14] . The values of added source terms are functions of flow Mach number M, jet intensity B, and orifice diameter D j .
Prior to the discussion of obtained results, it should be noted that numerical results of active flow control cases could not be confirmed by experiment (no suitable test cases were found). Furthermore, simultaneous visualizations and measurements of boundary layer parameters are rarely freely available. Therefore, the purpose of presented results is primarily for comparison and illustration of certain interesting phenomena.
Effects of steady blowing in the first two cases (of freestream flow) were quantified by aerodynamic performances -lift and drag coefficients, C l and C d . Since numerical results It appears that an increase in jet intensity B is followed by increased lift coefficient regardless of jet diameter D j , while drag coefficient is reduced only if orifice is sufficiently large. On the other hand, an increase in jet diameter reduces both coefficients ultimately resulting in even negative values of drag coefficient C d . For a right combination of parameters it is possible to achieve significantly improved lift-to-drag ratio. Differences in Mach number contours for clean and optimal configuration based on the greatest computed lift-todrag ratio (B = 1, D j = 0.01c) are shown in fig. 11 . In this case, the desired effect of broadening the sonic bubble along the upper surface and moving the separation point to the trailing edge can only be achieved with the well balanced values of jet diameter B and intensity D j . Large but weak jets lead to a great deterioration of aerodynamic performances. On the contrary, sufficiently strong jets can boost C l up to 3-4 times. This is followed by increased C d up to 2-2.5 times resulting in an overall improved lift-to-drag ratio. Mach number contours for clean and optimal configuration (B = 2, D j = 0.0025c) are compared in fig. 12 . The favorable effect of active flow control can be presented by comparing the streamlines around NACA 0012 airfoil in the uncontrolled and controlled case, fig. 13 . Jet locations are marked with arrows. It is obvious that even serious flow separation can almost completely be avoided. 
Conclusions
Different numerical settings for two-dimensional complex boundary layer flows were proposed in the paper. Not all of the results show high accuracy, but various useful conclusions can be extracted, particularly for the purpose of initial, preliminary analyses. Greatest advantages of presented simulations are that they were performed on a personal computer in a couple of hours while not requiring the changes of computational meshes.
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Used URANS turbulence models provide results that can significantly differ on clean configurations, especially in high subsonic and transonic regimes. However, given the fact that quite different and distinctive flow fields were investigated, reasonable agreements with experimental results were achieved for clean airfoils without flow control. This fact justified further simulations of boundary layer control by steady blowing. Since jet flows were considered laminar, numerical results on configurations with active flow control differed only slightly indicating that any of the tried turbulence models may be used in the type of problems that involve simulating active flow control by source terms. However, when detailed flow field is to be determined, i. e. exact location of the separation point or length of the separation bubble or zone of interaction of shock wave and boundary layer, the user should be most careful. Additional calibration of turbulence models may be necessary as well as additional comparison to experimental results.
Results of the simulations also lead to the conclusion that, by positioning jets along the suction side of the foil and varying their size and intensity, it is possible to change the flow field around the foil, expand sonic zone, move transition point downstream, delay separation, reduce friction drag, etc. However, due to great differences in geometry and flow conditions, each case demands a separate analysis and no general conclusions on orifice size and jet intensity can be given.
Presented study can serve as a starting point for various research areas, e. g. efficiency increase, decreased noise, and pollutant emission, profile loss decrease, heat transfer enhancement, steadying of the flow (with both static and moving turbomachinery parts), etc. It can provide insight into problems that are difficult and expensive to experiment upon. Finally, it can be extended to: three-dimensional analysis to obtain more reliable and accurate results, turbomachinery problems where both stator, rotor, and their interference is taken into account, more detailed studies of active flow control where continuous jets are compared to synthetic ones, etc.
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